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INCLUDING A COMPARISON WITH THEORY

By Alfred GCessow and Garry C. Myers, Jre
SUMMARY

The results of glide performance tests conducted on a test

helicopter with its originel prnduction blades in the autorotation
condition are presented. The data were roduced to coefficient

form, and performance at stenderd sea~level condltions was calculated.
The experimentally determined rotor drag-1ift ratios were compared
with thecretical calculations, and a similar comparlson was mads for
previously obteined power-on flight data. In addition, the improve-
ment in power-cff (autorotation) performance that results from
opersting with serodynanmically cleamer blades was invesiigated.

The helicopter was foumd to have a minimm rate of descent at
gea level of 10820 Ffeet per minute at an airsneed of approximately
40 miles per hour. The maximum lift-drag ratio of the helicopter
was 3.9, and the Lighest 1ift~drsg ratio obtained for the main
rotor wes 6.7. Gool agresment between theory end experiment was
obtained when theoretical calculations wore hes3d on a profils-drag
polar that corresponded to rough airfoll secticns. Inssmuch as
similer egreement was obtained between theoretical and experimental
date in powsr-on level flight, the theory is considered useful in
extendling the avellable rotor date from cne condition to the cther.
It was found that the use of aerodynamically cleansr blades resulted
in significert gains In gliding performence. For the hellcopter
tosted 1t appeared that e 22-percent reduction in profile-drag

coefficlent would result in a %—percent reduction in the minimum rete

of descent.
INTRODUCTION

Flight tests are being conducted by the Flight Research Division
of the Langley Lgboratory on & conventlonal single~rotor helicopter
as part of a general program of helicopter research. These tests
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include porformnnce meesurements in level flight, hovering, glides,
and climbs, end camera observations of blade motion in selected
condlitions. This paper presents the results of power-off
(auntorotation) perrovnence measuvrements that were made with the
original production set of main-rotor blades.

In the event of power failure the helicopter rotor becomes,
in effect, an sutogiro rotor. BSafety end design consilderations
make this autor0uative condition important to the helicopter
designer. Data obtalned with the test helicopter iIn autorotation
were teken in order to provide information which could be used
in improving the autorotative cheracteristics of hellcopters. The
tests also provided an opporiunlty to compare the same rotor in
the power-on end autorotative condltions, without the introduction
of uncertainties due to differsnces in blade parameters whlch are
present when two diffeient rotors are tested and compared in the
two condlitions. The glide data thus permitted a check of the '
theoreticelly predicted rotoir drvag-1if+t ratios in both power-cn
end power-off flight. Once ths relaticashlp between the two
conditicns is established, the available Information on the auwtogiro
and the helicorter becames interrslated.

SYMBOLS
W gross welght of helicopter, pounds
Ve calibreted eirspeed (indicated airspeed ccrrsdted for

instrument-end installation errors; can be considered

equal to 'VV/—ypo in the present case), miles per hour

v tirue airspeed, miles ver Lour
Vh horizontal component of true alrspeed, mlles per hour
Yy rate of demcent; verticel component of trwve airspeed
feet per minute
R rotor~blade radius, fest
Q rotor angular velocity, radiesns per second
o) mass denslty of ailr, slugs per cubic foot
o mass density of alr at sea level under stendard conditions

0 (0.002378 slug per cubic foot)
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1 tip-spesd ratio (Y;QQ§-29
o QR .
. rotor angle of attack; angle between projection in plane

of symmetry of axls about which there is no cyclic
piich chenge and a line perpendicular to flight
path, positive when axis is pointing rfarward, degrees

op fuselage angle of attack; angle between relative wind and
a line in plane of symmetry and perpendicular to
mnain-rotor-shaft axis, positive when nose ia up,

dezrees
Aaf correction to fuselage engle of attack to allow for
rotor downwash, degrees (assumsd equal to =57.30r/U4)
dfc correcteod fuselage angls of atiack, degrees (df + Adf)
+
Cr.n fuselage 1lift coeificlent Fusilage ;i*t
< é-pVEKR
Cp. fuselage drag cosfficlent Fusilage dreg
I é'pvz ItRE
Y glide-path angle; that 1s, angle of which tangent is rate _ _
of descent divided by horlzomtal camponent of velocity,
degrees
W cos 7
CLun mcorrected rotor 1Ift coefficlent | 77 7 o
cor . épvenﬂc
G, rotor 1ift coefficilent (CLuncor - CLf)
L rotor 1ift, pounds (W cos y ~ fuselage 1lift)
T roteor thrusit, pounds L
cos o
T
C thrust coefficient -—-—————:ﬁ
T (nREp(QR)"“,
(%) over-all draz-1ift ratio of helicopter (tan v)
(%- paraslte drag of fuselage, rotor head, and blads shanks

P divided by main-rotor 1lif+t
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shaft power parvemeter (The symbol P 1s equal to the rotor-
gshaft power divided by the velocity along the flight path;
in eutorotation, P/L is negailve and represents the
power supplied by the rotor to overcome the gearing end
bearing frictional lomses and to drive the teil rotor)

Dl i)

(%) induced drag-1ift ratio (teken herein as Or/4)
1
D

(f rotor profile drag-lift ratlo
o

D drag~1ift ratio of main rotor; that is, ratio of
v equivalent drag of meln yotor to robtor 1ift

3.+ ®,)

be
o solidity (-—-—5—) (for the present case, o = 0.060)
i
R
[ credr
Cq equivalent chord Vo N N -
R
f redr
'.\ 0
c locel chord
r radius to blade slement
a glope of curve of 1lift coefflcient against sectlon angle of
attack (radlan measure} asswmed equal to 5.73)
cdo blade section profile~drag coefficlent
N blade section angle of attack, measured from zero 1ift, radians
O average maln rotor-blade pitch, uncorrected for play

in linkage or for mean blade twist, degrees

APPARATUS AND TEST PROCEDURE

The tests were conducted with a Sikorsky HNS-1 (YR-4B) helicopter,
the dlmenslons and pertinent characteristics of which are shown in
figure 1. Other particulars, including a detalled description of the
fabric-covered original main-rotor blades, are given in references 1

and 2.
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Quantities measured auring the power—off glide tests included
the following:

Airspeed Free—alr static pressure

Rotor speed : Main-rotor pltch

Main-rotor--shaft torque Taill-rotor pitch

Tail-rotor—shaft torgque Attitude angle (shaft inclination)
Trec—-air temperature Cyclic—-plich control position

The methods by whioch these quantit*es were obtained are discussed
in reference 1.

In gliding flight the guentities which most critically affect
the accurscy of the results are sirspeed and rate of descent,
end they are therefore considercd worthy of special discussion.

Alrspeed was determined by means of a freely swiveling pitot—
static installation mounted on the end of a long boom in frong
of the Tuselege, the airspeed head being about two feet in front
of the main rotor disk (Tig. 2). The installation was calibrated
by mesns of & trailing pitot-gtatic "bomb" suspended approximetely
100 feet below the rotor. The calibration data obtalned are shown
in figure 3.

Atmospheric pressure measurements that were necessary for
calculation of rates of descent were continuously recorded through—
out each run.

Flight procedure conslsted In meking g£lides from about
5,000 feet to 3,000 feet pressure altitude, the airspeed and pitch
sotting being held constant. Variations in thrust cosfflcient were
achleved by cperating at different pltch settlings and therefore at
different rotational speeds.

REDUCTION OF DATA

Rotor drag--1ift ratios (ﬁ/L)r wers calculated from the general
perforuance equation expressed in coefficlent form as

D+ @),-C)
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For each test point, values of (D/L)g, P/L, end (D/L), were
determined from meesurements teken. Velues of (D/L)g, vhich

represent the btangent of the angle of glide, were calculated from
the airspeed and rate of descent. These rates of descant were
calculated by means of plots of static pressure sgelinst time
together with a mean free-alr temperature value for the descent.
With the rotor in autorotation, P/L 1s a small negative quantity
that represents the power supplied by the rotor to overcome the
gearing and bearing frictional losses and to drlve the teall rotor.
This quentlty P/L wes determined frcm recorded shaft torque end
rotor rotational speed. Values of (b/L)p were calculated with

the aid of full-scale wind-tunnel tests cm the fuselege and hub
of the test helicopter (fig. h) The main-rotor drag-lift ratio
was then calculated as ' : -

(2 -®), @),

The method of reducing the date to coefficlent form perallels
that of reference 1. Certain of the assumptions used in the level-~
flight enalysis ware modified, however, to comply with gliding-
flight conditions end are as follows'

(1) Rotor 1ift 1s calculated by multiplyling the helicopter
gross welght by the cosine of the glide angle snd subtracting the
fuselage 1ift. Rolor thrust, which wes considersd equal to rotor
1ift in level flight, was assumed equal to rotor 1ift divided by
the cosine of the rotor angle of attack o, the value of a
being determined as in reference 1.

(2) The dvag force cn the tall rotor was found (by the method
used in reference 1) to amount to less than 1 percent of the fuselage
drag In the autorotation condition and was consequently neglected.

RESULTS AND DISCUSSION

The test data are presented in table I, Drag-1lift ratios and
other parameters derived from the data are given in table II.

Helicopter glide performance.- In order to obtain the variation
of helicopter rate of dsscent with alrspsed, unaffected by varlations
of welght snd demsity, the experlmental data were first plotted in

the coefficient form shown in figure 5. The abscissa, l/;/CL
is & velocity parawster which is d4rectly proportiomsl to the true
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veloclty end which effectively resolves varlations of weight and
density into egquivelent veloclty changes. The date are groupsd
according to thrust coefflciente but, because of the limited data
available end the scatier In the date which covered any trend with Cg,
a single curve was drawn to represent sn average thrust cosfficlient

of 0.0052 (average welght 2520 1b, '_g__ = 0.92), The date indicate

. 0
a minimun value of (D/L)g of 0.26 in the remge of 1//Cr,

betwesn 2.0 to 2.2 corresponding to a maximm velus of lift-drag
ratio of 3.9 &t epproximstely 65 miles per hour.

The nondimsnsional dsta of Pigure 5 cen be expressed In terms
of rate of dsscent and velocity for sny desired corbination of
wolght end air demsity. In figure 6, ithe faired experimental curve
of figure 5 has been reduced to sterdeard conditions, that is, normal
gross welght of £520 pounds ond ses-level density.

At sea~level conditions and normal weight, figure 6 shows that
the test helicopter bas e minimum rate of descent of 1080 feet per minute
at gbout 40 miles per hour. This spesd correspeonds to the speed renge
between 40 and 45 miles per houwr for minimum power in level Fflight.
(See fig- 8 of reference 1.) The mm".;num angle of glide cen bo found
from fiFare 6 to be approrimately 14° end to occur at a rate of descent
of 1k00 feet per minubte é&nd at sn airspeed of approximately 6% miles
per hour

"In obtaining the present flight deta,emphasls was placed upon the
determination of the glide characteristics over the higher speed renge,
that is, minimum rate of descent and minimm angls of glides. A fow
measurenentd vere also made in vertical descent. As a wrosult of the
difficulty in holding zero horizontel spesd, however, the waxirmum rate
of descent obtained, 2140 feet per minute when reduced to ses-level
conditicns, may have been as much as 10 percent too low because of
the presence of scme horizontal velocity during the meesurements.

The effect of small horizcntal velocities on the rate of descent in
autorotation can be estimated fram figure T, which presents glide

data obtained with the PCA-2 autogiro (referemce 3). The Figure
indicates that horizontal airspseds between 5 and 10 miles per hour

cen effect a reduction in the rate of descent of the order of 10 percent.

Rotor drag-1ift retlos.~ In order to study the efficiency of
the rotor itself, the D7f— equivalent' of the fuselage and residual
shaft power losses have been subtracted from the over-all drag-lif'b
ratlio (D/L)p, as described in the section "Reduction of Data."

The resulting rotor drag-1lift ratios are plotted in figure 8 aga:mst |
the velocity peremeter 1/}/Cy. The lowest- average value of meesured
main-rotor D;I shown in the figure is about 0.15, corresponding
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toan L/D of 6.7. Inasmuch as the trend of the data does not
appear to indicate that a minlmwm has been reached, higher L/D's
might be expected at higher speeds.

Comparison of rotor drag-1ift ratlo with theory.~ Theoretically
predicted vaelues of (D/L), are compared with flight data in fig-
ure 8. Tnaemuch as the experimental date showed no trend for the
variation of (D/L), with Cp (because of the emell renge of Cp's
covered in the tests, the limited data taken, and the scatter among
them), theoretical (D/L)r curves representing an average Cq
of 0.0052 wers drawn.

The theoretical curves were calculated from the performsnce
charts of reference 4, which were extended to include tip—speed ratios
equal to 0,10, Thess charts are based on. a blade—sectlon profile—
drag polar represented by the equation ;

cq, = 0.0087 — 0.0216 ag + 0.%00 @

This veriastion of drag coefficient with sectlion angle of attack

18 representative of conventional, semismooth airfoils (smooth
airfoils increased by a roughness factor of 17 percent). Theory
based on such & drag polar may properiy be called "semismooth
blade" theory and the curve is labeled es such in figure 8,

In crder, however, to take into account the Imperfect profile and
deformable surfaces of the fabric—covered blades tested (see
reference 2), the theory was also calculated by inereasing the
rotor profile drag-1ift ratios obtained from the performance charis
by 28 percent, thus allowing a totel roughness factor of 50 percent.
The "rough-blade" theoretical curve in figure 8 was calculated in
this manner. -

Good agreement betwsen the average experimental rotor drag-
1ift ratios end the rough~blade theoretical values 1s indlcated
by figure 8. The dlfferemce between the two theoreticel curves in
the figure shows that the 1lift and drag characteristics of the
rotor-blade sections must be known in ordsr to predict the rotor
performance with sufficient accuracy. -

It is Interesting to determine whether the same theory that
was used for the autorotational conditicn could be used to predict
the performance of rotors in the power—on condition. Level-Ilight
data, obtalned with the same set of blades used in the autorotation
tests, afford en excellent opportunity to check the theory in the
two flight conditions. From this data, the influence of sscondary
effects due to differemces in blade comstruction and solidity which,
for example, might be present if two different rotors were tested,
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is elimineted. Experimental drag-lift ratios, obtalned at en everage
Cp = 0,004 and taken from refersuce 1, are compared with results

obtained by the rougn=blads theory in figure 9. The Pigure indicates
good agreement between theory end experiment for level flight, as was
true in the antorotative case showm in Tigure 8.

In addition to presenting a comperison between theory snd
experiment, figuros 8 and 9 show that the theoreticel calculations
prodict rotor periormence in the two condltions with sufficient
eccuracy to rake the theory useful in extending the scope of heli-
copter and autoglro rotor data to eithex operating state.

“Rerformenge galas %o be expectsd with smoother blades .- Rotor
drag=1ift ratios cotained from-full-scele~tynnel tests cn a rotor
with welatively smcoth plywood-~covered blafes ers compared in
figurs 10 with values calculated for semlsmooth bledes. The agree=
ment shown suggeste thet 1f smooth, rigid-~surfaced bledes were used
on the test helicopter, the resultiing pswformance would be in
8imilar agreement with the curve based on use of semismcoth blade
theory shown in figvie 8. The improvemsnt in the glide performance
of the heliccpter eguipped with rotor rimdes serodyaamicslly cleanexr
then th2 original blades is shown in filcnre 1l. The curve in
figues 12 labeled "or;tginal blades" coriegponds to the measursd
performziace end was takeu from Pigurs 6, wherees the curve edjusted
for somisucoth bDlades was calculated by reducing the measured rate
of descent by an amcunt equivelent to the difference (shown in
£ig. 8} botween the theoreticael values of (D/L)p for the rough
end the semismooth blades. Thus, the minimum rete of dsecent would
be reduced from 1080 to 1010 feet per minute and the minimum glide
angle would be reducad by 9 tarcent if cleansr blades wore us6d.

in order to evalunate properly the improvement in glide performance
effected by a reduction in rotor prefile dreg, the contribution of
the parasite snd induced drag losses ars also sbown in figure 11. It
cen be sesr that a helicopter with a 1ight disk loading end a cleener
fuselage wculd henefit more, cn a perzentage basis y from an increase
in blade cleernsss then the helicopter under test. For example,
the 22-percent reduction in the rotor profile dreg due to chenging
to semismootli bledes would reeult in a reduction of 70 feet per

minute or 6%- percent in the minimvm rete of descent of the helicopter

tested. I the rates of descent due to the paresite and induced drag
were removed, however, the minimum rate of descent would become

500 feet per minute. In this case the 70 Ffest per minute would
represent lb percent of the minimum vate of descent. A 22~percent
reduction in rotor profile drag may thus decrsase the minirmm rate of
descent ss much as 1 parcent, depending on the smount of induced
end parasite lossss present.
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CONCLUSIONS

From the data obtained with a conventional single-rotor hell-
copter as tested In autorotation and the accompanying theoretical
enalysis, the following conclusions are indlcated:

1, For operation &% sea level, a minimum rate of descent of
1080 feet per minute was obtained at an airspeed of about 40 milos
per hour. —

2. The maximum lift-drag retio of the helicopter as tested
was 3.9. The highest lift-drag ratio obtained for the main rotor
over the avsllable speed rangé was 6.7.

3. Good agreement hetween thecretical and experimental auto-
rotation performance wea obtained when theoretical calculations were
besed on a profile-~dreg polar corresnond_ng to ”rough" airfoil
gectiong.

4. The same theory can satisfactorily predict the performance
of a rotci in both the power-off and peowcer-on flight conditions.

5. Since theory can satisfactorily predict rotor performance In
both theo autorotation and powsr-on conditions, 1t is consldered
useful in extending the available rotor date from one condition to
the otlisr. '

6. Significant improvement in gliding performance appears
pogsible with improved blade contour and surface condition. For
the helicopter tested, a reduction of 22 percent in profile-drag
coefficlent (cbtained by operating with "semlamooth" instead of

"rough" biades) would result in a €3-percent reduction in the minimum
rate of descent. -

Langley Memorial Aeronauntical Iaboratory
National Advisory Commitise for Aeronantics —
Langley Field, Va., February 17, 1947
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TaBLE I
SUMMARY OF FLIGHT DATA IN AUTOROTATION
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ROTIR IRAG-LIFT FATIOS AND RELATED PARANKTERS
DERIVED FROM AUTOROTATION FLIGET DATA
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Figure l.- Dimenslons and cheracteristics of test helicopter,
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NACA TN No. 1267 ) Fig. 2

(b) Close-up view of airspeed hesd.

Figure 2.- Airspeed boom end details of pitot-static and
Iflow-angle pressure-tube installations.
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Fig. 4 NACA TN No. 1267
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rotor-disk area) obtalned in Langley full-scale tunnel
and used in reduction of data for test hellcopter,
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Figs, 6,7 NACA TN No. 1287

2000
.E‘wav
% L~ l/

Y
R 1200 ,/»///

3 T

»
3
% 800
8
<

<400

. NATIONAL ADVISORY
0 COH)IHTTEE lFOI AER]ONAUTK[:S
0o /w0 20 30 40 s0 60 7o 80
V,mph

Figure 6,- Autorotative performance of test helicopter
reduced to standard sea-level conditlons, derived fronm
feired curve of figure 4, Gross weight, 2520 pounds.
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